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We report an immunobistochemical metbod for
mapping the distribution of neuroepitbelial bod-
ies (NEBs) in whole-mount preparations of the
intrapulmonary airways. The lungs of 8- and 50-
day-old male Sprague-Dawley rats were fixed
with etbanol-acetic acid by intratracheal instilla-
tion. The major axial airway path of the infrac-
ardiac lobe was exposed and isolated by micro-
dissection. NEBs were identified by calcitonin
gene-related peptide immunoreactivity and their
distribution mapped by generation and branch-
point number. A distinct pattern was noted with
greater prevalence of NEBs in proximal airway
generations compared with more distal airways.
No significant difference was noted in the distri-
bution pattern or absolute number of NEBs be-
tween neonates and adults when compared by
airway generation. NEBs were found more fre-
quently on the ridges of the bifurcation than in
otber regions of the bifurcating airway wall. The
ease of identification of total numbers of NEBs
and their specific location by airway generation
in whole-mount preparations of the bronchial
tree completely removes the necessity of examin-
ing multiple sections and performing extensive
morphbometric procedures. Whole-mount airway
preparations allow for the analysis and compar-
ison of larger sample sizes per experimental

group without labor-intensive approaches. The
application of this method should enbance our
knowledge of the role of NEBs in lung develop-
ment and in response to disease. (Am J Pathol
1997, 150:851-859)

Pulmonary neuroendocrine cells are specialized air-
way epithelial cells serving as intrapulmonary che-
moreceptors'™ and as a source of neuropeptides
involved in regulation of lung growth and develop-
ment.*® Neuroendocrine cells occur singly or in
clusters (neuroepithelial bodies, NEBs). Due to their
paucity within the airway tree, the identification, map-
ping, and systematic characterization of these cells
have been difficult. They have been identified histo-
logically by silver staining®” and periodic acid-
Schiff-lead hematoxylin-positive staining®® as well
as by formaldehyde-induced fluorescence.®'© Im-
munohistochemical staining for general and specific
neuropeptide markers is also a commonly used ap-
proach to identify neuroendocrine cells and NEBs.""

Although immunohistochemical staining has been
invaluable in defining the abundance and distribu-
tion of neuroendocrine cells in experimental and dis-
ease conditions, quantitative comparison among an-
imals of various ages or experimental groups has
been limited. In a previous study by Joad et al,'?
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significant differences in neuroendocrine cell num-
ber per length of airway basal lamina were noted
with long-term exposure to environmental tobacco
smoke. However, localized changes in NEB fre-
quency could not be determined. This was due to the
inability to define airway branching history, airway
position, or abundance of NEBs at airway branch-
points on random histological sections. NEBs have
been demonstrated to be more frequent at airway
branchpoints.®'3-'% However, the study by Joad et
al'® could not confirm whether NEBs had been in-
creased specifically at bifurcations or simply at ran-
dom sites along the intrapulmonary airways.

Serial section reconstruction of entire lung lobes in
the past has been the only reliable approach to
define the frequency and distribution of pulmonary
neuroendocrine cells.'® Serial section analyses are
highly laborious and time consuming. In addition, the
effort required per sample makes this approach im-
practical for the large sample sizes associated with
complex experimental studies. Reliable analysis of
serial sections also requires sophisticated computer
reconstruction strategies. Therefore, present histo-
logical techniques provide limited information on
neuroendocrine cell distribution throughout the tra-
cheobronchial tree and do not allow quantitative
comparison among different generations, ages, spe-
cies, and experimental groups.

A number of issues regarding neuroendocrine
cells of intrapulmonary airways have not been com-
pletely addressed. How many NEBs are present per
airway generation or on each airway bifurcation?
Does every bifurcation have a NEB? Do neuroendo-
crine cell populations of the proximal and distal air-
ways differ in abundance? Does the number and/or
pattern of distribution of NEBs in neonates differ from
that of adults?

The approach reported here was based on the
rationale that to adequately address these questions
requires a method that would 1) enhance the prob-
ability of identifying the precise distribution of NEBs
in isolated airways, 2) increase the total numbers of
NEBs evaluated per animal, and 3) facilitate experi-
ments involving numerous animals without relying on
the tedious and labor-intensive techniques of serial
sectioning and computer-assisted reconstruction.

Materials and Methods

Animal Care and Tissue Preparation

Pregnant specific-pathogen-free Sprague-Dawley
rats (Zivic-Miller Laboratories, Zelienople, PA) were
housed and allowed food and water ad libitum ac-

cording to standard laboratory animal maintenance
protocols. Dams were allowed to spontaneously give
birth at 21 days gestational age. Only male rats were
used in this study to minimize potential differences in
NEB distribution based on gender. Pups were sac-
rificed at postnatal day (DPN) 8 with an overdose of
sodium pentobarbital (intraperitoneally). After clear-
ing the pulmonary circulation of blood with 0.01
mol/L phosphate-buffered saline (PBS), pH 7.4, ice-
cold 95% ethanol/glacial acetic acid (99:1) was in-
stilled intratracheally at 30 cm pressure for 1 hour.
The lungs were removed from the thoracic cavity
after 1 hour and transferred en bloc to ice-cold 70%
ethanol. Lungs from five adult Sprague-Dawley
males obtained separately from Zivic-Miller were
also prepared as above and transferred to ice-cold
70% ethanol until microdissection.

Microdissection

The right infracardiac lobe was removed from the
other lobes and the airway path was dissected out
while being viewed under a dissecting microscope
(Wild M8) as previously described.'” A single inci-
sion was made along the entire length of the axial
pathway to the most distal airway generation. The
entire circumference of the airway path was opened
and spread flat. All blood vessels and parenchyma
attached to the airway were carefully removed by
blunt dissection while keeping the epithelium and
submucosal connective tissue intact. All branches
from the axial pathway were cut immediately distal to
the branchpoint, so that the branching history re-
mained obvious. Microdissected airways were
placed in 70% ethanol until further use.

Reagents for Immunohistochemistry

Calcitonin gene-related peptide (CGRP) is a specific
neuroendocrine marker that is highly expressed in
rats and is ideal to identify and quantify NEBs." "8 A
polyclonal antibody against CGRP (Sigma Chemical
Co., St. Louis, MO) produced in rabbit using syn-
thetic rat CGRP conjugated to keyhole limpet hemo-
cyanin was used.'® CGRP was obtained as delip-
idized whole antiserum and was 100% cross-
reactive to rat CGRP. Biotinylated goat anti-rabbit
IgG, goat serum, and ABC Vectastain Elite kits were
obtained from Vector Laboratories (Burlingame, CA).
Other reagents, solvents, buffers, and sera were ob-
tained from Sigma or Fisher Scientific (Pittsburgh,
PA).



Whole-Mount Immunohistochemistry

Airway segments were made permeable to antibod-
ies by a series of dehydration/clearing/rehydration
steps in increasing concentrations of ethanol (70, 95,
and 100%), three changes of xylene, and decreas-
ing concentrations of ethanol (100, 95, and 70%) for
15 minutes each. Permeabilization was accom-
plished by incubating the airway preparations in
0.3% Triton X-100 for 2 hours. Endogenous peroxi-
dase activity was blocked by incubating the airways
in 5 pl/ml 30% H,O, in methanol at room tempera-
ture for 1 hour. Washes between incubations were
done for 15 minutes with several changes of 0.01
mol/L PBS, pH 7.4. Airways were drained and incu-
bated in a blocking serum cocktail (5% goat serum,
5% rat serum, and bovine serum albumin in PBS) for
1 hour. Airways were incubated with anti-CGRP an-
tiserum made in rabbit (1:500) for 40 hours followed
by a 24-hour incubation with biotinylated goat anti-
rabbit IgG (1:100). After overnight incubation with
ABC peroxidase (Vectastain Elite Kit, Vector), CGRP-
positive cells were labeled by diaminobenzidine re-
action. Negative reagent control, with the primary
antibody replaced by blocking serum, was run in
parallel. The specificity of the antibody was deter-
mined on tissue sections before the whole-mount
protocol, hence a CGRP antigen-absorbed negative
control was not performed. Blocking serum without
bovine serum albumin was used as primary and
secondary antibody diluent. Antibody dilutions were
made fresh for each immunostaining session. All
washes less than 2 hours in length were carried out
on an orbital shaker at room temperature in 12- or
24-well Falcon tissue culture plates (Fisher) based
on the size of the airway preparation. Overnight in-
cubations were done at 4°C under humidified con-
ditions in tissue culture plates. The volume of the
reagents used was dependent on the size of the
airway isolation. Typically, 2 to 5 ml of reagents or
antisera were used per well to completely immerse
the airway preparation. Airways were not allowed to
dry out at any stage of the immunohistochemical
protocol. Immunostained airways were gently
stretched on a slide with the epithelial side up and
coverslipped, and NEBs were observed under
bright-field illumination and imaged with an Olympus
BH2 microscope equipped for differential interfer-
ence contrast Nomarski.

Branching History

In the right infracardiac lobe of the rat lung, minor
daughter airways branching from the main axial
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Figure 1. Microdissected axial pathway of the infracardiac lung lobe
of a 50-day-old rat. The branching pattern of the axial pathway is
designated by the binary classification system. Selected major daughter
airway segments are indicated by brackets and minor daughter air-
way branches by arrows. Accordingly, the first major daughter airway
segment of the right infracardiac lobe is designated as IIIOI and the
[first minor daughbter as 11100. Scale bar, 2 mm.

pathway were typically found to occur in groups of
three. Therefore, a numbering system for each
branch arising from the axial pathway was designed.
Beginning at the hilus, numbering proceeded distally
along the axial pathway in a spiraling clockwise man-
ner. In general, 20 to 22 generations of airways aris-
ing from the main axis were identified in each airway
preparation of the right infracardiac lobe. In addition,
each airway segment was designated using a binary
classification system.'” Each minor daughter airway
segment arising from the main axial pathway was
designated by a 0, whereas the major daughter axial
airway segment was designated by a 1. The binary
classification system for a portion of the axial path-
way of the right infracardiac lobe is illustrated in
Figure 1.

Quantitation

Neuroendocrine cell distribution along the main axial
airway path of three 8-day-old rats and five 50-day-
old rats was analyzed in immunostained and slide-
mounted airway preparations. Clusters of neuroen-
docrine cells (ie, NEBs) were noted and
diagrammatically represented. Airways were divided
into two regions: airway segments and bifurcation
zones. The bifurcation zone was further divided into
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Figure 2. Identification of airway segments and bifurcation zones for
whole-mount airway preparations. The airway between two branch-
points is the airway segment. The region surrounding the branchpoint
is designated as the bifurcation zone. Each bifurcation zone is subdi-
vided into a ridge and wall based on the position within this zone.

1) the bifurcation ridge, or carinal point of the
branching airway, and 2) the wall, or the remaining
region of the bifurcation zone (Figure 2). Differences
in the distribution of NEBs between corresponding
intrapulmonary airway segments at the two ages
were compared. NEBs present on the ridges and the
walls of the bifurcation zone of the airway were also
counted and their frequency compared. After count-
ing, the airways were embedded in glycol methac-
rylate, cut into serial 2-um-thick sections, lightly
counterstained with methylene blue-basic fuchsin,
and viewed under a light microscope (Olympus
BH2) for confirmation of cells staining positively for
CGRP.

Statistical Analysis

The average number of NEBs per airway segment
and bifurcation zone was determined. Comparisons
of NEB number per various airway segments, bifur-
cation zones, bifurcation ridges, and walls between
and within the two age groups (8 and 50 DPN) were
made using one-way analysis of variance followed
by post hoc analyses using Scheffé’s test or a Stu-
dent’s t-test as appropriate (Statview software ver-

“50 pm

Figure 3. Differential interference contrast-Nomarski imaging of
CGRP-positive airway epithelial cells in fixed and immunostained
airway of 8-day-old neonatal rats. A: Cluster of pulmonary neuroen-
docrine epithelial cells (PNEB). B: Single CGRP-positive cells (PNEC)
surrounded by unstained airway epithelial cells. C: Large NEBs, 10 to
12 cell diameters wide, were only occasionally found, compared with
the more numerous NEBs of smaller cell number (A). Scale bar, 50
um.

sion 4.5, Abacus Concepts, Berkeley, CA). Signifi-
cance was considered at P < 0.05.%°

Results

Using avidin-biotin peroxidase immunohistochemis-
try on fixed and microdissected airways, cells that
stained positive for CGRP were identified. Two types
of CGRP-positive cells were noted in the epithelium:
1) clusters usually 3 to 4 cells in diameter (Figure 3A)
and 2) single cells surrounded by unstained epithe-
lial cells (Figure 3B). CGRP-positive cell clusters
could be as few as 2 cells or as large as 10 to 12
cells in diameter (Figure 3C). Cell boundaries could
be clearly identified using both transmitted light and
differential interference contrast Nomarski optics by
the appearance of a cobblestone arrangement due
to the birefringence of the intervening plasma mem-
branes of the adjacent cells. The epithelial layer was



Figure 4. A: A whole-mount airway embedded in glycol methacrylate,
sectioned, and counterstained with methylene blue-basic fuchsin. A
continuous epithelial cell layer overlies smooth muscle bundles (SM)
and connective tissue (CT). The location of a darkly stained NEB is
indicated by an arrowhead. B: A serial section not counterstained
shows this CGRP-positive NEB at higher magnification. Adjacent epi-
thelial cells can be seen partially covering the stained neuroendocrine
cells. Scale bars, 100 wm (A) and 10 um (B).

intact as confirmed by the presence of a continuous
sheet of translucent cells.

The positive staining of cells with CGRP antibody
was confirmed in glycol methacrylate sections. Sec-
tions lightly counterstained with methylene blue-ba-
sic fuchsin demonstrated the presence of an intact
epithelium along the entire length of the isolated
airway. Within the lamina propria, smooth muscle
bundles were observed along with connective tissue
(Figure 4A). Parenchymal tissues were absent. At
higher magnification, CGRP-positive cells were sur-
rounded by unstained, nonciliated epithelial cells
that partially covered the CGRP-positive cells. CGRP
staining was confined to the cell cytoplasm, whereas
the nuclei remained unstained (Figure 4B).

The distribution of NEBs in airway segments and
along ridges and walls of the bifurcation zones was
mapped for each airway isolation of each animal. A
map for the entire airway isolation from a single
8-day-old animal laid flat and immunostained is
shown diagrammatically in Figure 5. In this illustra-
tion, minor daughter airway branches arising from
the axial pathway are indicated with numbered arcs
from the proximal to distal portion of the bronchial
tree. The designation according to binary classifica-
tion of selected major daughter airway segments is
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Figure 5. A map illustrating the distribution of NEBs of an immuno-
stained whole mount of the entire circumference of the airway from a
single 8-day-old rat lung. Numbered arcs indicate airway branches
[from the proximal to distal portion of the bronchial tree. Dotted lines
demarcate airway segments labeled according to the binary classifi-
cation system. The location of NEBs within this preparation is repre-
sented by the dots.

indicated. The dots represent the location of NEBs.
The complete microdissected airway permitted map-
ping the precise distribution of NEBs throughout the
airways. The whole-mount immunostained airways
also allowed the absolute number of NEBs along the
main axial pathway of the infracardiac lobe to be
determined.

The distribution of NEBs in selected airway gen-
erations was compared at two ages (Figure 6). There
was no significant difference in the number of NEBs
per airway generation between both ages (P = 0.78,
Scheffé’s test). The pattern of NEB distribution was
also found to be similar at both ages.

Differences were observed in the NEB distribution
based on their location within the bifurcation zone, ie,
the bifurcation ridge versus bifurcation wall. In the
adult, there was on average at least one NEB on
every bifurcation ridge (Figure 7B). The proportion of
total NEBs at the bifurcation zones of the first 10
airway branches was 36% at 8 DPN and 35% at 50
DPN. More NEBs were found on bifurcation ridges
than on bifurcation walls of the same bifurcation zone
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Figure 6. Bar graph comparing the average number of NEBs in specific
airway segments of the bronchial tree at 8 and 50 DPN. Numbering of
airway segments was daccording to the binary classification system.
NEBs were identified by avidin-biotin peroxidase immunobistochem-
istry using an antibody against CGRP and viewed by light microscopy
Sfor quantitation. One-way analysis of variance confirmed that there
was no significant difference between age groups in NEB frequency per
segment (P = 0.78, Scheffé’s test).
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Figure 7. Bar graph comparing the average number of NEBs at each
bifurcation zone subdivided into ridge and wall. Numbering of the
branchpoints begins from the proximal to distal branches down the
main axial airway path. NEBs were identified by avidin-biotin perox-
idase immunobistochemistry using an antibody against CGRP and
viewed by light microscopy for quantitation. NEBs were more frequent
at the bifurcation ridges than on the bifurcation walls at both 8 DPN
(A) and 50 DPN (B).

P = 0.04, Student’s t-test). NEBs were more frequent
on the bifurcation ridges of 8-day-old animals com-
pared with those of 50-day-old rats, although there
was no significant difference in NEB number on the
bifurcation walls of the branching airways at both
ages.

Discussion

The present communication reports a novel immu-
nohistochemical approach for detection of NEBs and
isolated neuroendocrine cells in the proximal in-
trapulmonary airways. Specifically, a whole-mount
airway preparation method was developed to estab-
lish the three-dimensional topography and mapping
of NEBs at different locations along the bronchial
tree and within bifurcation zones (ie, ridge and wall).
Pulmonary neuroendocrine cells consist of a special-
ized population of rare airway epithelial cells with
neural and endocrine characteristics. Quantitative
studies of pulmonary neuroendocrine cells in health
and disease have been limited due to the need for
large sample sizes and extensive analysis to obtain
meaningful data. Studies by Gillan et al®" and Gos-
ney et al?2 show that neuroendocrine cells consist of
less than 0.4% of the total airway epithelium in neo-
nates and less than 0.02% in adults. The lungs of
neonates have previously been reported to have a
high abundance of neuroendocrine cells.?>24 In this
study, 8- and 50-day-old rats were used to map and
compare the distribution of NEBs. Neuroendocrine
cells were not counted but were found to be numer-
ous at both ages.

Whole-mount preparations have been used previ-
ously for immunohistochemical staining of nerves
and specific cell types in the gastrointestinal
tract,2®2¢ vasculature,?” and retina®® where spatial
information about these structures in a complicated

~organ system is needed. The use of the entire spec-

imen rather than histological sections for labeling
antigenic markers of interest is the unique feature of
whole-mount immunohistochemistry. Although im-
munostaining of whole-mount specimens is time
consuming, it provides a quicker and more compre-
hensive analysis of the isolated and stained airway
tree than can be done with immunohistochemistry on
random paraffin sections. Attempts to apply this
technique to the lung have been limited to the inner-
vation of trachea, extrapulmonary bronchi, and in-
trapulmonary airways.?%-3° In the past, a major prob-
lem of immunohistochemical analysis of whole-
mount preparations of intact intrapulmonary airway
epithelium has been nonspecific trapping of the la-



bel in the parenchyma surrounding the airway wall.
Such interference is completely eliminated with this
method of tissue preparation and staining. To the
best of our knowledge, the present study is the first
time that NEBs have been mapped in intact whole-
mount preparations of the airways.

Using this method to map the distribution of NEBs,
we found that almost all bifurcations have at least
one NEB. It is also noteworthy that, within the bifur-
cation zone, more NEBs were observed on the ridge
than on the wall. Based on our study, the proportion
of total NEBs present at the bifurcations of the first 10
airway branches is 36% at 8 days and 35% at 50
days of age. Based on serial section analysis of a
single hamster lung, Hoyt reported that 20% of the
neuroendocrine cells were at the bifurcation.’
Based on airflow characteristics, the bifurcation
ridge is likely to be a region of higher interception
and deposition of inhaled particles and can be con-
jectured as an appropriate location for intrapulmo-
nary chemoreceptors.3’

Using the whole-mount airway approach, we
found that the numbers of NEBs vary among various
airway generations in the tracheobronchial tree. This
observation is especially relevant based on the find-
ings of Hoyt et al, using serial sections, that neuroen-
docrine cells differentiate centrifugally down the air-
way tree.'32 In addition, we noted that NEBs were
more numerous in the proximal airway segments
compared with the more distal airways as was also
found by Hoyt and colleagues in a single hamster
lung reconstruction.#32 Whole-mount immunohisto-
chemistry also provides the advantage of mapping
NEB distribution in major versus minor daughter air-
ways. The abundance and pattern of distribution of
NEBs in the same airway generation of both neo-
nates and adults can also be compared with ease in
whole-mount preparations. Several studies demon-
strate that NEBs decrease in number with
age.'0:16:2233-40 Thjg reduction in NEBs with age
may be an artifact due to a constant number of NEBs
in rapidly expanding airways. This is especially plau-
sible as extensive lung development occurs in hu-
mans*' and rats*? postnatally. Although the total
number of NEBs is the same or slightly increased, in
random lung sections there appears to be a de-
crease in the relative density of NEBs and isolated
neuroendocrine cells in the epithelium due to expan-
sion of the non-neuroendocrine epithelial cell com-
partment after birth.:1416:32 Oyr method substanti-
ates observations of the latter studies and
contradicts studies showing a reduction in neuroen-
docrine cell frequency with increasing age. A major
advantage of this method is its applicability to stud-

Pulmonary Neuroendocrine Cells 857
AJP March 1997, Vol. 150, No. 3

ies involving large sample size without compromis-
ing the quality of analysis. As a large sample size is
feasible using this method, it can be extended to
studies with various test conditions using statistically
valid numbers of animals. The method is highly re-
producible, easy to perform, and can be rapidly
done on numerous preparations.

Whole-mount immunohistochemistry clearly de-
fines the branching history and allows counting of
the absolute numbers of NEBs. This method facili-
tates a number of observations on the distribution
pattern of neuroendocrine cells. Ease of identifica-
tion, and quantitation of the number of NEBs per
airway generation or bifurcation zone makes this
method useful in identifying site-specific changes in
the distribution of NEBs. Variability in the distribution
of the NEBs of contiguous airway generations, in
different airway segments, at different bifurcations,
and within a single bifurcation zone can be clearly
noted in airway isolations. This method confirms the
variation in size of the NEBs (Figure 3) and also
allows for determination of changes in NEB distribu-
tion with age (Figures 6 and 7). This study did not
address the question of whether there is a trend
toward larger NEBs either proximally or distally.

In conclusion, this approach should prove useful
in evaluating the size, number, and distribution of
pulmonary neuroendocrine cells throughout the air-
way tree for different airway generations, ages,
mammalian species, and test conditions. Intrapul-
monary airway epithelium can be surveyed for rare
cell types that are difficult to study in randomly se-
lected paraffin sections. This technique can be ex-
tended to monitor changes in NEB populations after
exposure to hypoxia and air pollutants and in differ-
ent airway disease models with a precise knowledge
of the branching history of the airway in which they
are found. This method may also prove useful in
double-labeling techniques using cell cycle markers
in conjunction with neuroendocrine markers to define
the role of neuroendocrine cells in the proliferation of
airway epithelium.*® The technique can be modified
to study alterations in other airway epithelial cell
populations under experimental conditions and sub-
sequent injury/repair processes using fixed and mi-
crodissected airway segments.
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